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Abstract We show that neural crest stem cells affect mouse
hair follicle development. During embryogenesis hair follicle
induction is regulated by complex reciprocal and functionally
redundant signals between epidermis and dermis, which re-
main to be fully understood. Canonical Wnt signalling is a
hallmark of neural crest cells and also a prerequisite for hair
follicle induction prior to hair placode formation in the epider-
mis. As neural crest stem cells invade the epidermis during
early embryonic development we aimed at determining wheth-
er neural crest cells affect hair follicle development. To atten-
uate, but not silence, canonical Wnt signalling specifically
in neural crest cells, we analyzed Wnt1-cre(+/−)::Pygo2(−/−)
mice in which the β-catenin co-activator gene, Pygopus 2
(Pygo2), is deleted specifically in neural crest cells. Both, hair
density and hair thickness were reduced in mutant mice. Fur-
thermore, hair development was delayed and the relative ratio
of hair types was affected. There was a decrease in zig-zag
hairs and an increase in awl hairs. Mouse neural crest stem
cells expressed ectodysplasin, an essential effector in the for-
mation of zig-zag hair. Taken together, our data support the
novel notion that neural crest cells are involved in the earliest
stages of hair follicle development.
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Introduction
This study addresses aspects of hair follicle formation. Prior to
morphological changes in the ectoderm, the first phase of hair
induction (hair stage 0 and earlier) is regulated by epidermal
Wnt signalling, which is an absolute requirement for hair
induction [1, 46]. In the absence of activated β-catenin, epi-
dermal stem cells fail to differentiate into follicular
keratinocytes, but instead adopt an epidermal fate [18]. Epi-
dermal Wnt proteins expressed early in development are
essential for subsequent uniform dermal Wnt signalling [3].
The stage of placode formation (hair stage 1) is primarily
characterized by Eda-A1 (ectodysplasin) signalling through
its cognate receptor Edar, which is expressed in epidermal
cells and upon activation leads to downstream NFκB and
Wnt10a/b signalling [38].
Neural crest stem cells transiently express Wnt1 during
early emigration from the neural tube. The only other cells
that express Wnt1 during embryonic development are dorsal
neural tube cells of the future spinal cord [5].Wnt1-driven Cre
recombinase permanently excises loxP-flanked genes of in-
terest. In order to delete Pygo2 early in development and
specifically in neural crest stem cells, we therefore crossed
Wnt1-cre mice with transgenic mice that have a loxP-flanked
Pypogus2 (Pygo2) gene.
Pygo2 is one of the genes that comprise the neural crest stem
cell molecular signature [17] but was not detected in epidermal
stem cells [33]. Functionally, Pygo2 is an enhancer ofβ-catenin
function in canonicalWnt signalling [19, 23]. In the developing
skin, Pygo2 is expressed in scattered cells within the one-
layered undifferentiated epidermis before it is expressed in
hair placodes and then more widely in the epidermis [22].
In addition to Pygo2, embryonic neural crest cells express
Wnt proteins [8], the Wnt receptors, Frizzled (Fzd) and LRP
[43, 46, 47, 49], and they actively signal through the canonical
Wnt pathway [5, 6, 44]. A subset of multipotent neural crest
stem cells migrate laterally from the neural tube below the
ectoderm, invade the ectoderm [34] and eventually settle in
the bulge of hair follicles [4, 17, 40, 41]. As global Pygo2
knockout mice have a reduced hair density [23] these obser-
vations raised the question whether neural crest cells are
involved in hair follicle formation at the pre-placode stage.
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Materials and Methods
Animals and Genotyping
Work with mice was approved by the Newcastle University
review board under license numbers 60/3621 and 60/3876.
The following transgenic mouse lines were used: Wnt1-cre
(gift of A McMahon; [5]), Rosa26-LacZ (R26R; gift of P
Soriano; [42]) and Pygo2 (gift of S Potter; [39]). Wnt1-cre
(+/−) mice were crossed with Pygo2(+/−) mice to obtain
Wnt1-cre(+/−)::Pygo2(−/−) double transgenic mice (“Wnt1-
cre(+/−)::Pygo(−/−)”) in which Pygo2 is deleted exclusively
in neural crest cells as well as Wnt1-cre(+/−)::Pygo (+/+)
control littermates. For visualizing neural crest cells in mutant
mice, Wnt1-cre(+/−)::Pygo2(+/−) mice were bred and then
crossed with R26R(+/−)::Pygo(+/−) mice in order to obtain
Wnt1-cre(+/−)::R26R(+/−)::Pygo2(−/−) triple transgenic mice
in which Pygo2 is deleted in a neural crest-specific way
and neural crest cells can be visualized by their expres-
sion of β-glactosidase. Control littermates were Wnt1-
cre(+/−)::R26R(+/−)::Pygo2(+/+). Double and triple trans-
genic animals were born with the expected Mendelian ratio,
were indistinguishable from normal littermates and fed nor-
mally. Most mutant mice, however, died within the first 24–
48 h postnatally. The cause of death might be connected to a
significant decrease of neural crest cells in the enteric nervous
system (unpublished data). This deficiency could lead to
Hirschsprung disease-like problems, which are lethal. There-
fore, P0 back skin from neonates was studied. For genotyping,
tail biopsies were boiled in 25 mM NaOH/0.2 mM EDTA
(Sigma-Aldrich) for 20min and then re-buffered with an equal
volume of 40 mM Tris-Cl (Sigma-Aldrich). Up to 5 μl of
buffered extract was used per PCR reaction. For detection of
Wnt1-cre and R26R, the primers and PCR conditions used
were exactly as described previously [45]. For detection
of the Pygo2(flox/−) allele the following primers (Integrated
DNA Technologies) Wnt1-cre(+/−)::Pygo(−/−) allele, for-
ward (F) CCTGGATTCTTGTTGCTGGTATG; reverse (R)
AAGGTATTTGGTGCTCCGAGGG; Pygo2 WT or floxed
allele, (F) TGTCTTGATGACAGCGTTTAGCC, (R) AGAT
TCAGTAAGCTGAGCCTGGTG [39]. PCR conditions were
as follows: 1 cycle, 94 °C for 3 min, followed by 35 cycles
consisting of 30 s denaturation at 94 °C, 30 s annealing at
62 °C, and 45 s extension at 72 °C and a final 10 min extension
at 72 °C. PCR products were resolved on 1.5 % agarose gels.
Neural Crest Cultures
E9.5 mouse embryos were obtained from timed pregnant
C57BL/6J females (The Jackson Laboratory). Neural tubes
were dissected and cultured exactly as we have described [18].
Briefly, dissected trunk tissue was treated with trypsin and
then triturated to remove somites and the notochord.
Subsequently, neural tubes were placed into Cell-Start coated
culture plates. Large numbers of neural crest cells emigrated
overnight from the neural tubes and the cultures were fixed
18 h post-explantation.
Immunohistochemistry
Neural crest cultures were fixed with 4 % paraformaldehyde
(Sigma) for 30 min, rinsed, and incubated overnight in the cold
with FITC-conjugated Ectodermal Dysplasia 1 antibody at
1:100 (orb15540; biorbyt, Cambridge). The next day the cul-
tures were rinsed exhaustively and mounted with Vectashield
plus DAPI (H1200; Vector Laboratories) and a coverslip.
Paraffin Tissue Processing
Tissue used for haematoxylin/eosin (H&E) staining, and X-
gal stainingwas processed as follows. After dissection in PBS,
fixation with 4 % PFA at 4 °C overnight following by PBS
rinse, tissue was trimmed and dehydrated in a 70 %, 95 %,
100 %×2 ethanol series for 1 h each. They were then incu-
bated 2×20 min in xylene, followed by a 50 %, 75 %, 100 %
exchange with liquid paraffin for 20 min each in paraffin
wells. Tissue was incubated in liquid paraffin overnight at
60 °C. The next day liquid paraffin was exchanged, the tissue
embedded, paraffin blocks trimmed, mounted, and 7 μm sec-
tions prepared. Sections were collected on SuperFrost Plus
microscope slides (Menzel-Gläser; VWR) and dried overnight
at 42 °C.
Haematoxylin and Eosin Staining
For H&E staining slides were first deparaffined in xylene
(2×5 min) and rehydrated through ethanol series (100 %×2,
90 %, 70 %, 50 %, and 30 %) for 5 min each at RT. After a
5 min water rinse they were stained in haematoxylin (Thermo
Scientific) for 20 s, rinsed with water, blued in Scott’s tap
water (Sigma-Aldrich; 10 s), rinsed, stained with eosin (Ther-
mo Scientific) for 20 s, rinsed, dehydrated (50%, 70%, 100%
ethanol for 1 min each) and processed through an equal xylene
series (3 min each). Slides were mounted with DPXmounting
medium (VWR), coverslipped, dried, and observed under
bright field optics.
Morphometrical Analysis
Hair follicle density analysis was performed as described
previously [30]. Cross-sections of the back skin of 3 mutant
and 3 wild type mice were taken at and parallel to the skin
surface and H&E stained. Images were captured and using
Adobe Photoshop, 1×104 μm square grids were applied to the
images. Hair follicles were counted within gridded field areas
to calculate the number of hair follicles per 1×104 μm2. In
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total, 260 areas (260×1×104 μm2) from mutant skin and 252
areas from wild type control littermates were scored and
statistically analysed.
To determine the cross sectional area of hair follicles,
images were processed with AxioVision software (Carl Zeiss
Microscopy). Overall, 676 hair follicles were measured from
wild type animals and 575 hair from mutant animals from
three animals of each genotype.
Morphometrical staging analysis was performed as de-
scribed by Glotzer et al. [11], using criteria according to Paus
et al. [31]. Longitudinal sections of back skin from 3 mutant
and 3 wild type animals were prepared and H&E stained. To
avoid staging of the same follicle twice every tenth section was
analysed. Three hundred two mutant and 304 wild type hair
follicles were staged from three animals for each genotype.
X-gal Staining
For X-gal staining back skin was dissected in PBS (Sigma-
Aldrich), and processed in cushioned histological cassettes to
avoid skin curling. X-gal staining was performed as described
previously by Pennisi et al. [30] with modifications. After 1 h
fixation in ice cold 4 % PFA at room temperature on a shaker,
samples were washed 3×10 min in wash buffer consisting of
0.01 % sodium deoxycholate (Sigma-Aldrich), 0.02 % NP-40
(Sigma-Aldrich), 2 mM MgCI2 in PBS) followed by incuba-
tion in X-gal staining solution consisting of 5 mM Potassium
ferricyanide (Sigma-Aldrich), 5 mM Potassium ferrocyanide
(Sigma-Aldrich), 2 mMMgCI2, 0.01% Sodium deoxycholate
, 0.02 % NP-40, 20 mg/ml X-gal (Sigma-Aldrich) in DMF
(Sigma-Aldrich) overnight at RT on the shaker in the dark.
Then samples were washed in wash buffer 2×10 min at RT,
fixed in 4 % PFA at 4 °C overnight and rinsed with PBS. For
histochemical analyses samples were dehydrated through an
ethanol series, cleared and infused with paraffin as described
above. Embedding, mounting and sectioning were performed
exactly as described above. Sections were counterstained with
nuclear fast red using the protocol for H&E staining;
haematoxylin, Scott’s tap water and eosin were replaced,
however, by 5 min of staining with nuclear fast red, then
dehydrated and mounted with DPX medium, coverslipped,
dried, and analyzed under bright field optics. Images from
every tenth section were acquired to quantify the amount of
hair follicles with positive X-gal cells. Data were derived from
two mice of each genotype; 256 hair follicles from 18 skin
sections from Wnt1-cre(+/−)::Pygo(−/−) mice as well as 311
hair follicles were scored from 17 skin sections fromwild type
newborns.
Hair Count
Hair from the back skin of two Wnt1-cre(+/−)::Pygo2(−/−)
rare survivors and from two Wnt1-cre(+/−)::Pygo2(+/+)
control littermates were plucked, scored and categorized
according to criteria described by Schlake [36]. A total of
490 hair from two Wnt1-cre(+/−)::Pygo(−/−) and 459 hair
from two wild type animals each were analyzed.
Statistical Analysis
Statistical significance was determined using the two-tailed
unpaired Student’s t-test (for hair density, hair follicle thick-
ness, and neural crest cell positive hair follicles). For devel-
opmental staging, logistic regression analysis was performed
using STATA software.
Results
We analyzed mutant back skin sections taken superfi-
cially and parallel to the skin surface and found that the
average hair density was reduced by approximately
19 % (Fig. 1). Furthermore, the average cross-section area
of hair from Wnt1-cre(+/−)::Pygo(−/−) newborns was signif-
icantly smaller compared to control littermates (Fig. 1). These
results showed that Wnt1-cre(+/−)::Pygo(−/−) newborn mice
have fewer and thinner hair follicles.
Hair development during embryogenesis and perinatally
can be divided into 6 stages according to morphology (see
e.g., [36]). Thus, to analyze hair development in more detail,
hair in newborns was staged. Hair stages analyzed ranged
from stage 1 to 6 in both wild type and mutant mice. While
in control mice 32 % of follicles resided in stage 4, 23 % of
follicles were in stage 4 in Wnt1-cre(+/−)::Pygo(−/−) mice
(Fig. 2). Conversely, in Wnt1-cre(+/−)::Pygo(−/−) newborns
34% of follicles and 19% of control hair follicles remained in
stage 3. This observation indicated that there is a delay in hair
follicle development in Wnt1-cre(+/−)::Pygo(−/−) newborn
mice (Fig. 2).
Next we asked whether hair types are affected in
Wnt1-cre(+/−)::Pygo(−/−) mice, and if so which ones. Wnt1-
cre(+/−)::Pygo(−/−) mice that did not die perinatally de-
veloped a coat. Hair from these mice and from Wnt1-
cre(+/−)::Pygo(+/+) littermates were plucked and scored
according to hair type, that is awl, auchen and zig-zag
hairs. Guard hairs were disregarded, as there were too
few of them to produce meaningful data and there was
guard hair breakage, which produced artefacts. There
was a 38.6 % decrease in zig-zag hairs, a 73.3 %
increase in awl hairs, and a 2.5-fold increase in auchen
hairs in Wnt1-cre(+/−)::Pygo(−/−) mice compared to
control littermates (Fig. 3). The morphology of zig-zag hair
was altered in Wnt1-cre(+/−)::Pygo(−/−) mice. Zig-zag hair
were shorter by about one third in Wnt1-cre(+/−)::Pygo(−/−)
mice with only two to three bends, rather than the three
to four bends observed in wild type mice [36]. These
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results show that neural crest cell-specific deletion of
the Pygo2 gene early in development also affected the
relative proportion of these hair types as well as the
morphology of zig-zag hair.
Fig. 1 Decreased hair thickness and hair density inWnt1-cre(+/−)::Pygo(−/−)
newborn mice. a, a’ Tangential sections of back skin of Wint1-
cre(+/−)::Pygo2(−/−) mice. Hair thickness was significantly reduced
in Wnt1-cre(+/−)::Pygo(−/−) mice by ∼7 %. Number mice analysed,
three animals per genotype. Number visual fields analysed, 31 (Wnt1-
cre(+/−)::Pygo(−/−), and 33 (Pygo2). Number hair measured, 575
(Wnt1-cre(+/−)::Pygo(−/−) and 676 (Pygo2). b, b’ Sections from Wnt1-
cre(+/−)::Pygo2(+/+) littermates. Average hair density was reduced by
∼19 % in Wnt1-cre(+/−)::Pygo(−/−) mice. Number mice analysed,
three animals per genotype. Number visual fields analysed, 260 (Wnt1-
cre(+/−)::Pygo(−/−) and 252 (Pygo2). Bars, 100 μm
Fig. 2 Delay in development of hair follicles in Wnt1-cre(+/−)::Pygo(−/
−) newborns. Hair follicles in skin sections from Wnt1-cre(+/−)::Pygo2
(−/−) and Wnt1-cre(+/−)::Pygo2(+/+). Significantly more hair follicles
from Wnt1-cre(+/−)::Pygo(−/−) mice were at stage 3 at birth, whereas
significantly more follicles were at stage 4 in Pygo2 newborn mice.
Number animals analysed, three per genotype. Number hair staged, 302
(Pygo null) and 304 (Pygo). Bar, 50 μm
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In order to determine whether the number of neural crest cells
present in hair follicles of mutant newborns was affected by the
deletion of the Pygo2 gene, we analyzedXgal stained sections of
triple transgenic Wnt1-cre(+/−)::R26R(+/−)::Pygo2(−/−) mice
and Wnt1-cre(+/−)::R26R(+/−)::Pygo2(+/+) control littermates.
The portion of hair follicles that contained Xgal-positive cells
was scored. There was a 10 % decrease in hair follicle sections
that contained neural crest cells in Wnt1-cre(+/−)::Pygo(−/−)
Fig. 3 Hair follicle formation is
perturbed in Wnt1-cre(+/
−)::Pygo(−/−) mice. Left panel,
morphology of mutant hair. Right
panel, three of the four types of
hair follicles, awl, auchen and zig-
zag hair were analysed in rare
surviving Wnt1-cre::Pygo2(−/−)
mice. There were too few guard
hairs to collect meaningful data.
In Wnt1-cre::Pygo2(−/−) the
number of zig-zag hairs was
significantly reduced by ∼39 %.
As they should have the length of
awl hair, zig-zag hairs were
shorter by approximately one
third compared to wild type zig-
zag hairs. There was a 73 %
significant increase in Awl hair,
and a 2.5-fold increase in Auchen
hair in Wnt1-cre(+/−)::Pygo(−/−)
mice. At total of 490 hair from
two Pygo null and 459 hair from
two wild type animals were
scored
Fig. 4 Decrease of neural crest cells in hair follicles from Pygo null
newborns. a, a’ Two different fields of vision of hair follicles from back
skin of Wnt1-cre::Pygo(−/−) newborn mice. b, b’ Hair follicles from
Wnt1-cre::Pygo(+/+) newbornmice. There was about a ∼10% significant
decrease in hair follicle sections that contained detectable neural crest
cells in the forming hair shaft. Bar, 50 μm
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mice compared to control littermates, indicating a decrease in the
number of neural crest cells present in hair follicles of mutant
neonates (Fig. 4).
Zig-zag hair development is dependent on Eda-A1/Edar
signalling [38] and Eda-A1 is a Wnt target gene [7, 21]. As
zig-zag hair numbers and morphology were affected by the
mutation, we were interested in determining whether neural
crest cells express Eda-A1. Neural tube explants from day 9.5
mouse embryos yielded large numbers of rapidly migrating
and proliferating neural crest cells (Fig. 5a). Immunocyto-
chemistry showed that neural crest cells were immuno-
positive for Eda-A1 (Fig. 5b). All cells were Eda-A1 immu-
noreactive, but there was a range of intensities of fluorescence.
There were groups of cells showing intense immunofluores-
cence (Fig. 5b middle) intermingled with cells that showed
low intensity of Eda-A1 fluorescence (e.g., Fig. 5b, upper left)
Discussion
Wnt signalling in the epidermis at the pre-placode stage, i.e.
prior to hair stage 0, is an absolute requirement for hair follicle
Fig. 5 Embryonic mouse neural crest cells express Eda-A1. a Neural
tube explant from E9.5 C57Bl/6J mouse embryos. Eighteen hours post-
explantation, neural tubes were surrounded by a halo of thousands of
emigrating and proliferating neural crest cells. b Cultures were fixed at
18 h post-explantation and processed for immunocytochemistry with
antibodies against Eda-A1. All neural crest cells showed Eda-A1 immu-
noreactivity; subsets of cells were intensely immunoreactive. Asterisk
indicates neural crest cells; nt neural tube. Number of explants stained
and observed: 5. Bars, 50 μm
Fig. 6 Hypothetical model for mechanisms underlying pre-placode stage
neural crest-derived epidermal Wnt signalling. a Neural crest cells that
have invaded the ectoderm [34] are in close apposition with epidermal
stem cells at pre-placode stages. Neural crest cells express Wnt proteins
[8, 44] and their cognate receptors [43, 46, 47, 49]. Therefore neural crest
cells can undergo autocrine Wnt signalling. Epidermal stem cells within
the future placode express the Eda-A1 receptor, Edar [3, 32]. No activated
beta-catenin indicative of Wnt signalling in the dermis is detected at that
early stage of hair development [3]. b As a consequence of cell-autono-
mous Wnt signalling, neural crest cells produce Wnt target genes, includ-
ing Eda-A1 ([21]; this study). c Eda-A1/Edar signalling in epidermal cells
leads to DKK4 expression. In Wnt1-cre(+/−)::Pygo(−/−) mice, it is
expected that the DKK:Wnt ratio is altered and Eda-A1 protein levels
are reduced. Together these changes can explain the here observed
disturbances in hair follicle thickness, hair density, as well as zig-zag hair
formation and morphology
Stem Cell Rev and Rep (2014) 10:60–68 65
induction [10, 15, 28, 38]— its origin is, however, unknown.
Since canonical Wnt signalling is a characteristic of neural
crest cells, because neural crest cells express Pygo2 [17] and
invade the epidermis [4, 17, 34, 40], and since pre-placode
epidermal areas express Pygo2 [22], we asked in this study
whether neural crest cells could participate in regulating hair
follicle formation. We found that deleting the Pygo2 gene
specifically in neural crest cells during early embryonic devel-
opment perturbed hair formation in diverse ways. Hair follicles
were sparser and thinner in Wnt1-cre(+/−)::Pygo(−/−) new-
borns. There was a decrease in the number of zig-zag hair in
surviving mutant animals and zig-zag hair morphology was
altered. There was a delay in hair follicle development and a
diminished number of neural crest cells present in hair follicles
of Wnt1-cre(+/−)::Pygo(−/−) mice. Furthermore, we showed
that mouse neural crest cells express Eda-A1. Li et al. [23]
observed an approximate 30 % decrease in hair density in
global Pygo2 knockout animals. We observed a 19% decrease
in hair density, which shows that the decrease in hair density in
the absence of Pygo2 is to a large part neural crest-related.
EctodermalWnt/β-catenin signalling as well as ectodermal
Eda-1A signalling through its cognate receptor, Edar, and
activation of the down-stream target genes, NFκB and
Wnt10a/b, are essential for zig-zag hair induction and mor-
phology, respectively (Andl 2002) [1, 16, 24, 37, 38]. Eda-A1
is a Wnt target gene [7, 21] and is expressed in neural crest
cells (this study), while the cognate receptor, Edar is induced
by mesenchyme derived activin [21] but is expressed exclu-
sively in the epidermis and becomes limited to the hair
placodes [1, 9, 16, 25, 48, 50]. The Eda-A1/Edar signalling
network is thought to be involved in regulating hair thickness,
as in humans enhanced Edar signalling leads to coarser hair
[27]. Taken together, the reduction in hair thickness and
perturbed zig-zag hair development in Wnt1-cre(+/
−)::Pygo2(−/−) mice can be explained by diminished Eda-
A1 production as a consequence of attenuatedWnt1 signalling
in neural crest cells.
Other indications of perturbed hair formation was a delay
in hair development in Wnt1-cre(+/−)::Pygo2(−/−) newborns
and significantly fewer neural crest cells in hair follicles.
Canonical Wnt signalling in neural crest cells is involved in
neural crest initiation, migration, proliferation and differenti-
ation [12, 14, 29]. AttenuatedWnt signalling as a consequence
of deleting Pygo2 in neural crest cells can thus explain the
reduced number of neural crest cells in hair follicles, which
may compound the observed deficits in hair development.
Neural crest cells are, however, known for their capacity to
compensate for cell loss, as after partial ablation of the neural
crest, neighbouring neural crest can change their pathways
and fill in the gaps [20].
In addition to its role in canonical Wnt signalling, Pygo2
can also bind to the promoter of several histone genes in a cell
context-specific way; in particular Pygo2 enhances acetylation
of histone H3 [13, 26]. Whether altered histone modification
plays a role in hair follicle induction remains to be determined.
Inductive fields where hair follicle induction takes place are
proposed to be formed by interacting, self-organizing gradi-
ents of stimulatory and inhibitory signals (reaction-diffusion
mechanism) that involve Wnt signalling and the Wnt inhibi-
tor, DKK [35]. In view of the existing literature and our data in
the present study we suggest a working model for the involve-
ment of neural crest cells in hair follicle formation (Fig. 6).
Neural crest cells express Wnt proteins, in particular Wnt1 [5]
and Wnt3a [44], which activate the canonical Wnt pathway.
Neural crest cells also express the cognate receptors frizzled
(Fzd) and LRP [43, 46, 47, 49], enabling autocrine Wnt
signalling in neural crest cells (Fig. 6a). As a result neural
crest cells are able to produce the Wnt target gene Eda-A1
([32]; this study). Eda-A1 is a membrane bound protein that
gets cleaved and released as a soluble protein and could thus
occupy Edar receptors on neighbouring epidermal cells
(Fig. 6b). DKK4 is an Eda-A1/Edar target gene [9] and is
transiently expressed in the epidermis in pre-placodal loca-
tions ([2]; Fig. 6c). DKK expression affects placode size and
hair spacing [2, 9, 35]. Due to reduced Wnt signalling and
consequent reduced Eda expression, placode size and hair
spacing would thus be expected to be perturbed in Wnt1-
cre(+/−)::Pygo(−/−) mice, which is in agreement with our
observations. Additional work, which is beyond the scope of
this study, will be required to corroborate the role of neural
crest cells in hair development in the mouse.
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